It is difficult to obtain insight into the mechanisms occurring within live cells during mechanical loading, because this complex environment is dynamic and evolving. This is a particular challenge from a subcellular mechanics perspective, where temporal and spatial information on the evolving cytoskeletal structures is required under loading. Using fluorescently labeled proteins, we visualize 3-dimensional live subcellular cytoskeletal populations under mechanical loading using a high-resolution confocal microscope. The mechanical forces are determined using a computational (finite element) model that is validated by integrating instrumentation into the testing platform. Traumatic axonal injury (TAI), a common pathology for both traumatic brain injury (TBI) and spinal cord injury (SCI), is characterized by focal or multifocal damage to the axons of neural cells comprising the white matter tracts in the central nervous system (CNS) (1-3). Focal axonal damage can result from mechanical forces applied to the white matter of the CNS over short time durations, spanning tens of milliseconds to a few seconds (4 -15). TBI and SCI have been observed in complex loading conditions at the mesoscale in the form of rapid acceleration and deceleration applied through impacts, rotations, and blasts. These loading conditions apply a range of g forces from 4 -14 g (centrifuge of rat) to upwards of 1000 g (underbody blast on human) (16 -18). At the cellular level, the conditions for inducing TAI are mechanically simplified to replicate the structural consequence of the injury rather than the loading conditions observed at larger length scales (19). The applied loads, in their most basic forms, can be described as a combination of compression, stretch, and shear (2, 10 -13, 20 -23(). It is through these load combinations that TAI can occur, often leading to irreversible loss of functional neural connectivity and to physical or cognitive disability (21, (23) (24) (25) (26) .
Traumatic axonal injury (TAI), a common pathology for both traumatic brain injury (TBI) and spinal cord injury (SCI), is characterized by focal or multifocal damage to the axons of neural cells comprising the white matter tracts in the central nervous system (CNS) (1) (2) (3) . Focal axonal damage can result from mechanical forces applied to the white matter of the CNS over short time durations, spanning tens of milliseconds to a few seconds (4 -15) . TBI and SCI have been observed in complex loading conditions at the mesoscale in the form of rapid acceleration and deceleration applied through impacts, rotations, and blasts. These loading conditions apply a range of g forces from 4 -14 g (centrifuge of rat) to upwards of 1000 g (underbody blast on human) (16 -18) . At the cellular level, the conditions for inducing TAI are mechanically simplified to replicate the structural consequence of the injury rather than the loading conditions observed at larger length scales (19) . The applied loads, in their most basic forms, can be described as a combination of compression, stretch, and shear (2, 10 -13, 20 -23() . It is through these load combinations that TAI can occur, often leading to irreversible loss of functional neural connectivity and to physical or cognitive disability (21, (23) (24) (25) (26) .
The morphological and structural changes observed following TAI have been associated with disruption of the cytoskeletal network (10 -15, 21-24) . The cytoskeleton is an elaborate network of proteins that can adapt to a remarkable range of configurations providing both functional and physical integrity. In CNS axons, major cytoskeletal constituents include microtubules (MTs) and neurofilaments (NFs).
MT functions include intracellular transport and structural rigidity, whereas MFs provide mechanical strength and stability, determine axon diameter, and may be involved in transport of intracellular components (14, (27) (28) (29) (30) . MTs are composed of ␣-and ␤-tu-bulin heterodimer subunits assembled into linear protofilaments, have an approximate molecular mass of 50 kDa, and form as 24-nm-wide, hollow cylinders (27, 28) . MT configurations are dynamic, and they can actively polymerize and depolymerize over a variable range of rates, with steady-state rates approximating 2.0 -2.5 m/min (28, 31, 32) .
NFs are heteropolymers that consist of 3 polarized sidearm subunits: NF light (ϳ70 kDa), NF medium (ϳ150 kDa), and NF heavy (ϳ200 kDa). The subunits attach at a core measuring ϳ12 nm in diameter, and the polarized sidearms function to space NFs from each other at regular intervals across the axon diameter (29, 30) . Disruption of MT and NF networks in white matter tracts of the CNS following mechanical perturbation has been associated with the formation of nodal blebs, or swellings, along the length of the axon at the site of injury (4, 10 -14, 22-24) .
Animal models of TAI have been utilized to examine the effects of dynamic shear, tensile, and compressive strains at both cellular and subcellular levels (2, 4, 10, 12-14, 20, 22, 24) . Tang-Schomer et al. (24) , through electron microscopy, have provided evidence of MT disruption following tensile loading and fixation of axons. Similarly, Pettus and Povlishock (33) observed NF compaction and MT disruption following compressive loading and fixation. NF and MT protein levels have been quantified by Serbest et al. (14) using immunoblotting to create temporal profiles at fixed time increments from 0.5-24 h after TAI. These studies have provided profound insight into the temporal aspects of the cytoskeletal structure following TAI. However, existing methods for exploring mechanics of subcellular populations under controlled load utilize methods that damage the cells, confound interpretation of cytoskeletal changes, and are limited in temporal and spatial resolution. Improving the understanding of cytoskeletal evolution under load requires a methodology to capture information as it is applied in situ.
In the present study, we demonstrate quantification and visualization of 3-dimensional (3D) live subcellular populations during mechanical loading of axons using a confocal microscope at high magnification. The mechanical forces are obtained using a computational (finite element) model validated by integrating instrumentation into the testing platform (20) . Transmission electron microscopy (TEM) of fixed samples is utilized to corroborate the observed confocal changes with greater spatial resolution. Our methodology allows, for the first time, a continuous and quantitative 3D spatial and temporal visualization of evolving cytoskeletal substructure in situ and under load, thus dramatically improving the understanding of in vitro cellular mechanics.
MATERIALS AND METHODS

Axon injury microcompression platform
A previously designed, polydimethylsiloxane (PDMS; Sylgard 184; Dow Corning, Midland, MI, USA) axon injury microcompression (AIM) platform (see Fig. 1A ) was utilized for this study (20) . The AIM platform consisted of 2 levels: a series of 3 compartmental chambers for neuronal cell bodies and proximal and distal axons; and a microfluidic injury pad layer for applying focal compression loads to segments of axons. The construction process followed established protocols and involved standard 10:1 base to cross-linker ratios by mass for the PDMS (20) .
The first-level master template, where the neurons and medium reside, was made from 3 stacked and aligned layers of silicon wafers (WRS Materials, San Jose, CA, USA) processed with 3005 and 3025 SU-8 (Microchem, Newton, MA, USA). Once the master template was developed, the mold was spin-coated with a thick layer of PDMS prepolymer and fully cured at 80°C for 20 min.
The second-level master template, for controlling the injury pad, was also patterned using a silicon wafer and 3050 SU-8. After this master template was developed with a thick layer of PDMS and fully cured, individual devices were cut, and access ports for control fluidics were punched using sharpened 23-gauge needles (McMaster-Carr, Santa Fe Springs, CA, USA).
PDMS castings from both template layers were exposed to an oxygen plasma cleaner (Harrick Plasma, Ithaca, NY, USA) and surface treated (30 W; 1.5 min). Injury pad control layers were visually aligned with the neuronal PDMS features, brought into intimate contact, and baked overnight at 80°C to amalgamate PDMS layers. Composite devices were removed, and access ports were created using a 3 mm biopsy punch tool (Huot Instruments, Menomonee Falls, WI, USA). Devices were sterilized by ethanol sonication, autoclaved, and sealed to a cleaned 50 mm #1 glass-bottom Petri dish (Wilco Wells, Amsterdam, The Netherlands) prior to use.
A 100 g/ml solution of poly-d-lysine (Sigma-Aldrich, St. Louis, MO, USA), an extracellular matrix that facilitates axonal growth, diluted in molecular grade water (Mediatech, Herndon, VA, USA), was introduced by way of access ports (20) . The AIM devices were incubated overnight at 37°C in a humidified, 5% CO 2 incubator. The following day, the devices were washed 3ϫ with double deionized water to remove unbound PDL and filled with neurobasal medium (Gibco Life Technologies, Grand Island, NY, USA) for cells to be seeded.
Cell culture, isolation, and labeling
Primary hippocampal neurons were isolated from embryonic day 17 (E17) Sprague-Dawley rat pups (Charles River, Wilmington, MA, USA). Dissociated neurons were nucleofected (Amaxa, Gaithersburg, MD, USA) and plated in devices as described previously (20) . Briefly, phosphorylated cytomegalovirus (pCMV)-AC-green fluorescent protein (GFP) plasmids with a C-terminal TurboGFP (Origene, Rockville, MD, USA), encoding an NF-GFP or MT-GFP fusion gene with a CMV promoter, were nucleofected, and efficiency of labeling was Ͼ50%. NFs were labeled with a combination of NF-light, NF-medium, and NF-heavy protein-GFP fusions, while MTs were labeled via MT-associated protein tau (Mapt)-GFP fusion. Nucleofected neurons we0re loaded into the somal compartment at a density of 25 ϫ 10 6 cells/ml. After 6 -8 d in culture, individual axons could be seen extending into the middle and distal chamber of the device, allowing tracking of individual processes for subsequent experiments. Medium was added every 3-4 d to maintain neuronal viability. Prior to experimentation, CMPTx red cell tracker (Gibco Life Technologies) was added to label the membranes of neural axons as per the manufacturer's instructions.
Immunohistochemical labeling and transfection stability
Immunohistochemical labeling and nocodazole were used to verify transfection of MTs and NFs and to assess the overstabilization of transfected MT and NF cells against nontransfected cells. Nocodazole was added to cells for periods of 1 min, 1 h, or 2 h, and fixed. Controls were conducted for all groups.
Transfected cells were washed with phosphate-buffered saline (PBS) and fixed for 45 min at room temperature with a mixture of 2.5% glutaraldehyde, sodium cacodylate (SC), CaCl 2 , and ddH 2 O. Nontransfected cells were washed with PBS and fixed for 6 min at Ϫ20°C with 100% molecular grade methanol. Cells were washed in PBS and incubated in blocking solution containing 0.25% Triton-X and 5% normal donkey serum for 1 h. Primary antibodies included chicken NF-medium (1:1000; Aves labs Inc., Tigard, OR, USA), mouse acetylated ␣-tubulin (1:250; Invitrogen, Grand Island, NY, USA), and rabbit ␤III-tubulin (1:200; Cell Signaling Technology; Danvers, MA, USA), diluted in blocking solution; samples were stored overnight at 4°C. Cultures were washed 3 times in PBS and then incubated with Alexa Fluor555-conjugated donkey anti-chicken, Alexa Fluor 555 donkey anti-mouse, and Alexa Fluor 647-conjugated donkey antirabbit (all 1:250; Invitrogen) separately for 2 h at room temperature. Fixed samples were visualized under fluorescence and colocalization data were obtained.
To quantify changes, 100-ϫ 100-m 2 areas of axons were examined in the nocodazole-treated cells, and the number of intact axons (no discontinuities or breaks) with no more than the control average number of nodal blebs was measured. Nodal blebs were defined as undulations along the axon where there is a Ն300% increase in axon caliber. AIM devices were moved to a prewarmed (37°C) live-cell AxioObserver.Z1 confocal microscope with an enhanced 3i Marianis/Yokogawa spinning disk (Zeiss, Oberkochen, Germany) and a stage cover removed to allow easy access for the control lines. Individual axons located underneath the injury pad were identified, and their coordinates were saved within Slidebook imaging software (Intelligent Imaging Innovations, Inc., Denver, CO, USA).
Application of injury loads and controls
For each experiment, pressure application was performed by first adjusting the electronic pressure regulator, then turning the stopcock 90°to allow pressure translation to the injury pad (Ͻ1 s), holding the pressure (20 -35 s), and finally relieving the pressure by turning the stopcock back to the start position. Images were obtained immediately before, during, and after loading. In all experiments, the pressure applied to the control network resulted in intimate contact between the injury pad and glass substrate/axons, observed as a loss and subsequent recovery of contrast of the injury pad feature (see Fig. 1E ).
Sham-treated controls for confocal imaging and TEM were prepared and data were recorded in the same manner as those undergoing dynamic compression, though no loading was applied.
Confocal imaging and analysis
Fluorescence, bright-field, and phase-contrast images were captured at ϫ63 (0.6 NA; DIC, c488 ht, c562 mp) or ϫ100 (1.4 NA; DIC, c488 ht, c562 mp) magnification with a Zeiss live-cell inverted microscope (Axio Observer; Zeiss) using Zeiss Axiovision software. Imaging plane resolution at ϫ63 was 260 nm/pixel in the x,y plane and 270 nm/pixel along the z axis. At ϫ100, the imaging plane resolution was 163.8 nm/pixel in the x,y plane and 340 nm/pixel along the z axis. Imaging data were acquired at known time points prior to, during, and immediately following load application. When obtaining Z stacks with fluorescence microscopy, sample exposure time was limited to Ͻ200 ms to minimize phototoxicity. Acquired Z stacks were processed in Imaris (Bitplane AG, Zurich, Switzerland) and exported into MATLAB (Mathworks, Natick MA, USA) for analysis.
For microscopy image acquisition, detected photons were converted to intensity values at each pixel. Fluorescent microscopy provides data in the form of spatial coordinates, and the associated intensity ⌽(x,y,z,t) at these coordinates. ⌽ can be used to determine the local concentration of fluorophores and is correlated to the density of a specific cytoskeletal constituents' protein fluorescence at that given time point. The fluorescence represents the labeled parts of the cell, where the 562 nm wavelength (red) indicates the axon membrane, and 488 nm wavelength (green) indicates the cytoskeletal constituent of interest.
Approach, fixation, and embedding for TEM
Axial and cross sectional TEM slices (60 -80 nm thickness) were obtained for control and loaded axons. Different approaches were used for preparing MT and NF TEM specimens. The choice for each requires identifying what each groups requires in terms of morphology and labeling. In our study, MTs were relatively easy to identify and quantify, so morphology was of paramount concern. NFs, by comparison, were harder to identify and required immune-electron microscopy; gold labeling using 2°NF medium antibodies to confirm presence within processed TEM sections. As a result of labeling being of primary importance, the morphology was sacrificed for NF TEM images.
TEM samples underwent loading in the same manner as the confocal specimens previously described. Fixative was immediately added through access ports following loading. Tubing connectors were removed, and, following a period of 15 min in fixative, AIM platforms were peeled from the glass-bottom Petri dishes. Sham-treated controls for TEM samples were prepared and data were recorded in the same manner as those undergoing dynamic compression, though no loading was applied.
MT TEM samples were fixed with a mixture of 2% paraformaldehyde, 2.5% glutaraldehyde, 0.1 M SC, and 1% sucrose for 1 h. Cells were washed with a mixture of 0.1 M SC, 3 mM CaCl 2 , and 3% sucrose buffer in three 10-min rinses and stored in 1% osmium plus 0.8% potassium ferricyanide on ice and in the dark for 1 h, followed with 3 0.1 M maleate buffer rinses, 5 min each. Cells were stained with 2% aqueous uranyl acetate (0.22 m filtered, 1 h, dark) in 0.1 M maleate buffer. Cells were dehydrated in a graded series of ethanol washes: 30, 50, 70, 90, and 100%, with 10 min between washes.
NF TEM samples were fixed with a mixture of 6% paraformaldehyde, 0.5 M SC, and 1.0 M CaCl 2 for 1 h, washed with a 0.1 M SC buffer in three 10 min rinses, and blocked with 1%
BSA at 4°C for 1 h. BSA was removed, and a mixture of the primary NF medium antibody (Enzo Life Sciences, Farmingdale, NY, USA) and 0.02% saponin in 0.1M SC buffer (1:100) was added, and cells were incubated overnight at 4°C. Cells were incubated back to room temperature and washed with 0.1 M SC buffer 6 times in 10 min rinses. A secondary antibody mixture of 6 nm gold (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and 0.01% saponin in 0.1 M SC buffer (1:200) was added, and the cells were incubated at 4°C for 4 h. Cells were incubated back to room temperature for 10 min, rinsed with 0.1 M SC buffer 6 times, with 10 min between rinses, and then 1% glutaraldehyde was added in 0.1 M SC for 1 h. Cells were rinsed three times with ddH 2 O, with 10 min between rinses; 0.5% osmium tetroxide in 0.1 M SC buffer was added, and cells were placed on ice and in the dark for 30 min. Cells were rinsed with ddH 2 O 3 times, with 10 min between rinses, followed by dehydration in a graded series of ethanol washes: 30, 50, 70, 90, and 100%, with 10 min between washes.
Following the graded dehydration by ethanol, cells for both MT and NF samples were embedded in a resin of Epon using 2,4,6-tris (dimethylaminomethyl) phenol 30 (DMP-30) as a catalyst and incubated overnight at room temperature. Cells went through a series of Epon ϩDMP-30 changes and were subjected to vacuum in an attempt to thoroughly embed cells in the resin.
Cells were incubated overnight at 65°C. Cells were separated from the dishes through a process of thermal shocking, by placing samples into liquid N 2 , and embedded specimens were retrieved for post-embedding processing.
Samples were cut down to specified grids and subjected to a triple-staining process with 1% tannic acid (aqueous; Mallinckrodt Pharmaceuticals, St. Louis, MO, USA), filtered using 0.22 m filter, for 10 min by flotation using formvarcoated slot grids (Ted Pella, Inc., Redding, CA, USA) before being rinsed with ddH 2 O for one minute. Grids were then stained with aqueous 2% uranyl acetate (Polysciences, Inc., Warrington, PA, USA) for 20 min and rinsed with ddH 2 O. Finally, grids were stained for 1 min with 0.04% lead citrate (aqueous filtered) and rinsed with ddH 2 O.
RESULTS
Changes in axonal cytoskeleton with mechanical loading
In our AIM platform, individual axons pass through microchannels into a loading compartment featuring the compression pad ( Fig. 1 and ref. 20) . We have previously shown that only axons, and not dendrites or other neuronal components, pass through the microchannels into the compression compartment by virtue of optimization of the geometry of the platform ( Time-lapse imaging of the axons prior to, during, and immediately following controlled mechanical loading confirmed contact between compression pad and glass base and that the axons remained attached to the glass base (Fig. 1E) . Control input fluidic pressures to achieve contact were estimated using a previously validated field emission microscope and confirmed visually for all experiments (Fig. 1Eii and ref. 20) . Live imaging was used to estimate the time scale for dynamic compression to be on the order of 1.5 ms for axons with a range of diameters from 0.25-2.0 m, as observed through confocal and TEM data. Under dynamic compression, axons were consistently found to display multiple regions of nodal blebs where the compression occurred following loading, indicating that the injury response of TAI had been achieved (Fig. 1Eiii and ref. 20) .
Fluorescent labeling of cytoskeletal components for in situ imaging
Transfection of plasmids encoding NF-GFP or MTassociated protein-GFP fusions resulted in detectable fluorescent protein levels within axons (Fig. 2A, D) . The pattern of localization of fusion proteins was similar to that of endogenous MTs and NFs ( Fig. 2A, B,  D, E) , and the protein expression patterns were similar to the pattern of cytoskeletal protein expression observed in nontransfected cells (Fig. 2C, F) . Although protein expression of both cytoskeletal components was observed throughout the axon, areas of increased fluorescence intensity, likely representing regions of accumulation of cytoskeletal elements, could be observed. Notably, transfection did not appear to affect stability of the axons, as assessed by axonal morphology following treatment with nocodazole (Supplemental Figs. S1 and S2). Moreover, acetylated ␣-tubulin levels were not increased in axons following transfection (data not shown), also suggesting no increase in MT stability (34) .
Changes in MT and NF protein levels in axons under load
Cytoskeletal intensity, ⌽, is integrated over the axons' cross-section and is plotted along the unit length of the axon underneath the compression pad as ⌽ A at time t Ͻ 1 min (Figs. 3 and 4) . Changes in ⌽ A per unit area were measured for the unloaded (t 0 ) and loaded (t) states, and comparisons are shown for sham-treated controls. Our data indicated no observable change in ⌽ A of the control specimens for either MTs or NFs between t 0 and t (Fig. 3A, 4A ). Following compression, the change in magnitude of ⌽ A for MTs appeared negligible (Fig. 3B) . The periodic peaks in ⌽ A represent areas of increased/decreased MT-associated tau protein levels, where increases indicate MT overlap along the unit length of the axon (Fig. 3B and ref. 35 ). In contrast, NF protein levels significantly decreased between t 0 and t along the length of the compressed axon volume (Fig. 4B) . The decreased ⌽ A for loaded at t represents areas of decreased NF-light, NF-medium, and NF-heavy protein levels. This may indicate a de- crease in NFs along the unit length of the loaded axon at t (Fig. 4B) .
To compare intensity data across multiple axons, cumulative intensity per unit subvolume was calculated as ⌽, which is representative of the local concentration of fluorophores at a given point in time within the axon membrane and scales with the density of a specified cytoskeletal constituents protein fluorescence. Unit subvolume represents the volume of the axon under the compression pad and is calculated using the measured cross sectional area of the axon membrane and the slice thickness of the y axis, along the length of the axon. ⌽ was averaged, and the percentage change in ⌽ between t 0 and t was calculated for t Ͻ 1 min and t ϭ 5 min (Fig. 5) . These results indicated no significant change in the MT signal at t Ͻ 1 min (3Ϯ2.9%; n.s.) or at t ϭ 5 min (Ϫ6Ϯ2.7%; n.s.) whereas percentage change in ⌽ for the NFs significantly decreases at t Ͻ 1 min (Ϫ24Ϯ5.8%; PϽ0.001) and t ϭ 5 min (Ϫ30Ϯ9.3%; PϽ0.001) (Fig. 5) .
We also compared our live-cell results with those of other studies where fixed neural cytoskeletal components were measured through TEM and immunoblotting (Fig. 6) . Changes in MT density became apparent at the 5 min, for our study, and appeared to follow the long-term trends established by other studies where decreases in MT density, or the proteins associated with MTs, have been observed at greater time intervals following deformation (Fig. 6A and refs. 10, 14) . The NF density exhibited an immediate decrease of 24% in protein levels during loading and continued to decrease to 30% within 5 min for our study. Previous researchers have also observed decreases in the magnitude of the density change as time increases (Fig. 6B  and refs. 14, 36 ). Comparing the MT and NF measurements directly. we observed the NF density decrease at a faster rate than the MT density following loading.
TEM analyses of axons revealed compression injuryinduced cytoskeletal breakage and lossd
To explore the structural basis underlying the observed changes in fluorescence during axon loading, we employed TEM to assess the cytoskeletal distributions within the compressed volumes for both loaded and control groups (Figs. 7 and 8) .
MTs are identifiable as long rod-like structures ϳ24 nm in diameter aligned along the primary axis of the for NFs plotted along the unit length of an axon underneath the compression pad (x axis). ⌽ A represents the integral of the cytoskeletal intensity ⌽ for a 2D cross section in the x,z plane. The two panels represent control and loaded cells where a single axon is represented before loading at t 0 (blue) and while under load at t (red). For the control population, no load was applied at t. A) No observable change in ⌽ A for control between t 0 and t states. B) Decreased magnitude of ⌽ A is measured across the entire subvolume during loading. The decreased ⌽ A for loaded at t represents areas of decreased NF-light, NF-medium, and NF-heavy protein levels. This may indicate a decrease in NFs along the unit length of the loaded axon at t. axon (Fig. 7A, B) . Immediately following focal compression, the MTs appeared to be unchanged in areas where no undulations or swellings were evident (Fig.  7C, lower center) . In areas where swellings were present, the MTs remained present and collectively aligned along the axis of the axon; however the distribution was frayed and disorganized ( Fig. 7C-E) . Within regions of nodal blebs, the MTs exhibited break points where the ends appeared be to undergoing depolymerization and breaking down (Fig. 7E, F) . The size and location of the nodal blebs appeared restricted to the compressed volume and the axon regions just proximal and distal to this volume.
NF localization was confirmed by gold labeling using 2°NF-medium antibodies (Fig. 8) . In the control group, Au nanoparticles were spaced regularly along the length of the axon and across the axon diameter, indicating that NFs were distributed uniformly within the axon (Fig. 8A-C) . For the loaded group, gold nanoparticles were heterogeneously distributed within the axon membrane in areas with and without axon swellings (Fig. 8D-F) . Gold nanoparticles in the loaded group exhibited a 28% increase in the average spacing between nanoparticles and their nearest nanoparticle neighbor as compared to controls (Fig. 8C, F) . In addition, the loaded group observed an average decrease of 56 and 47% in the number and the areal density, respectively, of gold nanoparticles from controls (Fig. 8B, C, E, F) .
The quantification of MT and NF distribution from TEM data (as defined by the total number, the density, and the spacing) is explained in future detail in another effort currently in review. Overall, our observations from TEM that MT density appears similar, while NF density appears to decrease, on loading parallels our in situ fluorescence observations.
DISCUSSION
TAI, in response to applied mechanical load, results in nodal bleb formation and systematic degeneration of cytoskeletal structures along the axon. Using a controlled Figure 5 . Results for 1-way ANOVA with Tukey's multiple comparison test of percentage change in ⌽ for control axons and for axons at t Ͻ 1 min t ϭ 5 min. The number of samples and the population group are shown along the x axis, and the corresponding percentage change in ⌽ is plotted along the y axis. No significant observable percent change in ⌽ was observed between control and loaded axons at t Ͻ 1 min and t ϭ 5 min for MTs. Loaded axons for NFs exhibited a statistically significance decrease of 24 and 30% at t Ͻ 1 min and t ϭ 5 min, respectively, compared to control axons. *P Ͻ 0.001. Figure 6 . Percentage change in cytoskeletal density as a function of time comparing across multiple studies. The time between loading and quantification is plotted along the x axis and varies from t Ͻ 1 min to t ϭ 72 h. The percentage change in cytoskeletal density is plotted along the y axis. Data from our study taken during loading are shown at t Ͻ 1 min and t ϭ 5 min. A) MT density did not exhibit a measurable change between the unloaded and loaded states during initial loading. Changes in density became apparent at 5 min, for our study, and appear to fall in line with other studies that have observed decreases in MT density, or the proteins associated with MTs, at greater time intervals following deformation (10, 14) . B) NF density exhibits an immediate decrease of 24% in protein levels during loading and continues to decrease to 30% within 5 min. Other studies have exhibited decreases in the magnitude of the density change as time increases, a trend we observe in the current study (14, 36) . From the aggregate data, the NF density decreases at a faster rate than the MT density. mechanical environment, relevant applied loading rates and loads, and real-time imaging, we found that NF protein level decreases markedly on initial loading, while MT protein level is not significantly changed for the same time period. These changes persist within the first 5 min of loading. Our findings suggest that immediate localized compaction and alterations to NFs may serve as a trigger for further secondary damage to the axon, representing a key insight into the temporal aspects of cytoskeletal degeneration at the component level.
These observations were made through use of the AIM platform, which provides a robust environment for investigating traumatic axonal injury by allowing in situ imaging, immunohistochemistry, and TEM all within the same device. The design of the AIM platform includes microchannels where the geometry restricts the entry of neurons, allowing only the axons to grow into the loading environment. The simplicity of the AIM platform geometry ensures that the loaded portion of the axon will be placed in a state of compression, one of the forms of loading that axons undergo during traumatic axonal injury in vivo (4, 25) .
Our findings are in agreement with the long-term trends in MT and NF densities observed by previous studies employing TEM and immunoblotting methods at known time points following loading ( Fig. 6 and refs. 10, 14, 36) . As time between when the load is applied and when quantification occurs is increased, so does the percentage decrease in cytoskeletal density for both cytoskeletal components. Interestingly, the rate of percentage change over these studies is greater for NFs than MTs and agrees with our findings. While the focus of this work is changes occurring during loading, we have previously described axon viability at prolonged time intervals following injury using the same platform (20) .
Understanding the mechanism for the rapid decrease in ⌽ for NFs observed in our study is critical. NF dispersion and compaction following loading have been observed by previous researchers (12-15, 37, 38) . In one study where impact acceleration was used, Povlishock et al. (37) found evidence of NF compaction and sidearm alteration at 5 min to 24 h post injury. In a second study, Okonkwo et al. (38) found alterations of the NF sidearm length following fluid percussive injury. Both of these studies appear to indicate that while an alteration in the sidearm length of the NF may occur soon after injury, the sidearms are still present, though at a reduced length. These alterations in sidearm length represent a conformational shape change for the protein structure. The decrease in measured ⌽ we detected may be directly linked to modifications in the NF sidearm protein folding, resulting in decreased fluorophore protein levels.
Differences between the mechanical response of MTs and NFs lead to variation with respect to energy dissipation over the short-term response of the neural axon. For the short term, Ͻ5 min time frame, local intracellular mechanisms may govern the whole-cell response to the applied load. While the cytoskeleton is in a continuously dynamic and evolving state, it is known that MTs are the stiffest component of the axonal cytoskeleton and may not as readily degenerate in response to applied load as less rigid components of the cytoskeleton like the NFs (39) . Thus, the simplest cytoskeletal structures within the axon may fail at a faster rate before observable changes can be detected for the more rigid constructs.
The question of how observed changes in intensity during and immediately following loading relate to changes in cytoskeletal structure is of primary concern. The use of a CMV promoter for inserting GFP-tagged proteins is known to result in overexpression of fusion proteins and therefore the measured absolute values of ⌽ are likely larger than in untagged systems (36) . Given these concerns, the percentage change in ⌽ (rather than absolute values) is used to ascertain changes in cytoskeletal populations under load.
The overexpression of cytoskeletal proteins may potentially alter the relevant aspects of the cytoskeleton and lead to overstabilization of transfected cells (41, 42) . Since the MT protein level did not significantly change during loading, we artificially induced MT degeneration using nocodazole, an MT depolymerizing reagent, to see whether protein expression was enhanced for transfected axons (Supplemental Figs. S1 and S2). As no significant difference could be observed and quantified in terms of axon viability, it could be that overexpression associated with transfection is not influenced by the mechanics of our experimental model where focal compression is applied transversely to the axon. By comparison, in a tensile experimental model, the cross-linking tau provides to MTs would more likely play a role in the mechanical response by requiring crosslinks to rupture before MTs could slide or break in response to the applied tensile load. Such dependence on load orientation may provide useful insights into the temporal evolution of mechanically applied damage to neural axons. To address cytoskeletal labeling, we confirmed spatial distribution and intensity using nontransfected axons with immunolabeling (Fig. 2C, F) . The immunohistochemical labeling of transfected cells confirmed that measured ⌽ is at the specified cytoskeletal sites within the axon (Fig. 2A, B, D, E) .
One inherent limitation for the confocal work is the resolution limit of microscope is limited to 200 -300 nm/plane. This visualization limitation prevents the observation of a single MT or NF; however we are able to observe how the cytoskeletal population responds.
Through the use of TEM, we found evidence of local MT disruption, including misalignment and open gaps along individual MTs following load. Local misalignment of MTs includes areas where the geometry may be described as twisted and warped, exhibiting periodic broken ends of MTs (Fig. 7) . The broken ends appeared frayed, with the polymeric substructure in a state of degeneration. These observations are reminiscent of that seen in TEM images of axons following dynamic stretch (24) . Our TEM images clearly show that the MTs are still present immediately following load and may explain the negligible change in the overall confocal intensity data for the MTs given that the ultrastructure has not degenerated appreciably at the early time points after load when fixation occurred.
Immuno-electron TEM was performed with gold nanoparticles using 2°NF-medium antibodies, and indicated a decreased number of nanoparticles coupled with a heterogeneous distribution within the loaded volume (Fig. 8) . This supports our confocal intensity data, where a decrease in the fluorescently labeled ultrastructure was observed. The modified distribution of nanoparticles may indicate a conformational change to the NF sidearm protein structure prohibiting labeling in some cases. Previous research supports our results and indicates that NF dispersion and compaction might account for the decreased labeling we observe for loaded axons in TEM and in the confocal data where a decrease in ⌽ for NFs is measured (37, 38) .
One inherent limitation of using immunogold labeling is that the spatial coordinates of the observed gold nanoparticle are ϳ15-30 nm from the primary binding site of the antibody (43) . Although this limits the precise spatial determination of the NF molecule location, the density, distribution, and relative spacing can still be compared between unloaded and loaded axons. In addition, serial sections were taken to address concerns of embedding and processing the 3D embedding substructures (44) .
Taken together, the confocal and TEM data provide complimentary approaches that suggest temporal aspects of developing structural damage with neural axons may need to be considered when attempting to accurately model TAI. Currently there is a great degree of emphasis on MTs as the key component to understanding axonal degeneration. MT breakage and deformation has been posited as leading to a physical blockade, impeding normal axonal transport and leading to undulations and further axon degeneration. We suggest that a conformational shift in the protein structure of NFs may be a very early event in response to applied loading. The conformational shift may precede the MT disruption and breakdown observed at the latter time stages of TAI induced through compressive loads.
Further research is needed to examine the early biochemical pathways initiated by NF disruption, and how such disruption may affect the function of MTs as well as that of the entire axon. Moreover, the mechanics of the applied load likely influence pathways that result in axonal injury. Strain rate, for example, has been implicated by several research groups for governing cytoskeletal responses to applied load (24, 45) . An approach varying the strain rate for focal compression on neural axons might provide insights to rate dependent responses of cytoskeletal constituents. Finally this work is focused on the immediate in vitro and in situ response of the cytoskeleton, but further work with the confocal AIM platform should be extended to later time periods to compare with other researchers' cytoskeletal quantifications taken at these time periods.
CONCLUSIONS
The present study suggests that changes in cytoskeletal density can be captured in situ and under load, leading to improved insight into in vitro cellular mechanics. The results indicate NF protein levels decrease dramatically while under load and changes in MT protein levels are not readily observed until later times. These data suggest that temporal aspects for cytoskeletal changes of NF and MT protein levels, not previously observed, may be critical in understanding mechanical failure and degeneration of the cytoskeletal system for axons undergoing TAI.
